Glucose was converted to ethanol by calcium-alginate-entrapped Saccharomyces cerevisiae NRRL Y-2034 cells that were 24, 48, 72, and 96 h old in continuousflow and static repeated-batch fermentors. In general, older yeast cells were more efficient than younger ones. In most cases, the continuous fermentations were better than the static ones in producing maximum ethanol yields (5.11 g/10 g of glucose) over extended time periods. The best static fermentation (with 24-h-old cells) converted 100% of the glucose to ethanol for about 12 days, whereas the best continuous fermentation (with 96-h-old cells) converted 100% of the glucose for a remarkable period of about 3 months.
Immobilized microbial cell technology represents a new trend in biochemical processing, and its full potential is just being recognized. It is being used for antibiotic, enzyme, alcohol, and acid production, denitrification of wastewater and removal of heavy metals from wastewater, and electrode biological oxygen demand sensors, among other things (2) (3) (4) (5) (6) . Previous studies have demonstrated that immobilized microbial cell techniques have the advantages of accelerated reaction rate owing to increased cell density, desirable product yield, fermentation on a continuous basis at a high dilution rate without washout, and less costly fermentor design and control, as compared with traditional fermentation techniques.
In preliminary experiments (unpublished data), we developed a continuous-flow fermentor and observed that immobilized yeast cells and a bacterium ferment glucose to alcohol for at least 14 days. During those experiments, we noted that cell age and fermentor design affect the rate and amount of alcohol production.
The research presented here describes the conversion of glucose (10%, wt/wt) to To determine the number of cells encapsulated within a specific bead, we submerged the bead in 1 ml of a saturated sodium tripolyphosphate solution (100 mg/ml), which was allowed to stand at room temperature until the alginate dissolved (ca. 20 min). The liquified alginate-cell suspension was shaken for several minutes with a Vortex mixer, and samples were taken for viable and total (microscopic) counts. Counts of encapsulated microorganisms were made immediately after encapsulation and at the end of the fermentation experiments. The diameters of the beads ranged from 4.0 to 5.0 mm immediately after preparation and did not change as long as the beads were kept moist. Each lum [ Table 1 ]) produced ethanol at a maximum theoretical yield (5.11 g/100 g of feed solution) from days 4 to 16, but in the continuous-flow fermentor, the theoretical maximum ethanol yield was never reached. Moreover, production of ethanol in the static fermentor continued for more than 60 days, whereas the immobilized yeast cells in the continuous-flow fermentor stopped producing ethanol at 40 days ( Table 1) .
The 48-h-old S. cerevisiae cells in the continuous-flow fermentor produced the maximum possible amount of ethanol (5.11 g/100 g of feed solution) at 6 days and continued production at that level for 29 days. Ethanol production by 48-h-old yeast cells was complete at about 52 days The results for the 72-h-old immobilized yeast cells in the continuous fermentor are similar to those for the 48-h-old cells, except for the length of time in which the maximum yield of ethanol was obtained. The maximum possible ethanol yield by 72-h-old cells in the continuous fermentor began to be produced at day 6 and continued until day 67. In sharp contrast, the 72-h-old cells in the static fermentor produced the maximum theoretical yield of ethanol (5.11 g/100 g of feed solution) for only 2 days. This difference was observed in several repeated experiments. The 72-h-old cells yielded some alcohol in the continuous fermentor for about 80 days, but in the static fermentor, they abruptly ended production at about 50 days.
The outstanding ethanol production results are shown in Table 2 . The 96-h-old yeast cells in the continuous-flow fermentor were significantly superior to all of the other cells studied: they converted 100% of the available glucose to ethanol for approximately 3 months (Table 2) . After 91 days, the 96-h-old cells produced a theoretical ethanol yield of about 90% (4.5 g/100 g of feed solution) for 2 days, and then fermentation subsided until, at the end of 98 days, nearly no ethanol was produced. The 96-h-old cells in static fermentors began to produce substantially less alcohol about 30 days before the same slowdown was observed for 96-h-old cells in the continuous fermentor.
DISCUSSION
We conclude from these and other similar data that the age of the alginate-entrapped S. We believe that the inconsistency or fluctuation in alcohol production in static repeatedbatch fermentation may be due in part to the physical relationship of the beads to one another and to surface and interface changes of the beads caused by CO2 accumulation. Although the beads were stirred in the static fermentors and their location in the feed solution was rearranged twice daily, significantly more CO2 accumulated in the static fermentors than in the continuous-flow fermentors throughout the experiments (determined by visual observation).
The calcium-alginate gel is an efficient matrix for the entrapment of yeast cells. These studies and others demonstrate that S. cerevisiae cells maintained about 10.0% viability (ability to grow into visible colonies on solid medium) for 2 weeks. Less than 1.0% of the entrapped cells was viable after 1 month. The enzyme systems responsible for alcohol production from glucose function in the yeast cells for as long as 90 days in the continuous-flow fermentor, with apparently easy diffusion of glucose and ethanol through membranes and gel. Immobilized yeast cells produce alcohol from glucose more efficiently than any standard fermentation process previously carried out in our laboratory. The continuous-flow fermentor used in these experiments is easy to assemble, relatively carefree, stable, and dependable. Although both types of fermentation produced ethanol from glucose, the continuous-flow fermentations were somewhat superior to the static ones. Our data strongly suggest that the efficient use of immobilized microorganisms for ethanol production has outstanding potential for making future alternative industrial and domestic fuels available.
